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(54) Co-machined bonded airfoil 

(57) A method of making a hollow airfoil (10) in- 
cludes machining first and second parts (26, 28) to pro- 
duce internal features thereof. The parts (26, 28) are 



then co-machined simultaneously at complementary 
joining surfaces. The parts are then bonded together at 
the co-machined joining surfaces. 
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Description 

[0001] The present invention relates generally to gas 
turbine engines, and, more specifically, to the manufac- 
ture of airfoils therein. 

[0002] A turbofan aircraft engine is one form of a gas 
turbine engine which includes in serial flow communica- 
tion a fan, multistage axial compressor, combustor, high 
pressure turbine (HPT), and low pressure turbine (LPT). 
During operation, air is channeled past the fan and a 
portion thereof enters the compressor for being pressu- 
rized and then mixed with fuel in the combustor and ig- 
nited for generating hot combustion gases. The com- 
bustion gases flow in turn through the HPT and LPT 
which extract energy therefrom for powering the com- 
pressor and fan, respectively. 

[0003] The engine includes various airfoils in the form 
of rotor blades such as those found in the fan, compres- 
sor, and turbines. Additional airfoils are in the form of 
stator vanes also found in the compressor and turbines. 
[0004] Since the turbine blades and vanes are subject 
to the hot combustion gases during operation, they are 
typically hollow for channeling therethrough a portion of 
air bled from the compressor for cooling. The high pres- 
sure turbine vanes and blades experience the most se- 
vere temperature environment and therefore require 
corresponding cooling thereof for obtaining a suitable 
useful life during operation. 

[0005] Typical cooling features found in turbine 
blades include multi-pass serpentine cooling passages; 
turbulators in various forms in the cooling passages for 
enhancing cooling effectiveness; various holes through 
the airfoils for preferentially cooling the pressure and 
suction sides, leading and trailing edges, and tip both 
convectively or by generating cooling films; and im- 
pingement baffles inside the airfoils having impinge- 
ment holes which direct a portion of the cooling air in 
impinging jets against the inner surface of the airfoils for 
enhancing internal cooling thereof. 
[0006] Since these airfoils are initially internally 
cooled, the internal cooling features must be suitably 
formed therein. This is typically accomplished by casting 
the airfoils to near-net shape both internally and exter- 
nally. Externally the airfoil may then be machined to final 
or finish configuration to meet the close tolerances re- 
quired for maximizing engine performance. However, it 
is not possible to machine the internal cooling features 
of the airfoils, which may be formed only to the accuracy 
provided by the specific casting method. 
[0007] Furthermore, the ability to use impingement 
baffles in turbine vanes and blades is limited by the abil- 
ity to assemble the baffles therein since it is not practical 
to separately cast perforated baffles therein. The indi- 
vidual baffles are preformed and inserted into the airfoils 
from either of their two opposite ends as practical, and 
then fixedly bonded at one end thereof inside the airfoil 
for allowing unrestrained differential thermal expansion 
and contraction relative to the airfoil itself. 



2 

[0008] Gas turbine engine performance is primarily 
affected by the temperature of the combustion gases, 
with efficiency increasing as temperature increases 
subject to the high temperature strength of the materials 

s being used and the available cooling thereof. Since the 
internal cooling features of typical turbine vanes and 
blades are limited in accuracy and detail by the particu- 
lar casting methods utilized, further advances in engine 
efficiency may be obtained by further advances in the 

10 internal airfoil cooling features. 

[0009] Turbine airfoils may also be manufactured in 
two parts so that the internal cooling features thereof 
may be preformed prior to assembly of the two parts. In 
view of the hostile environment of the gas turbine air- 

15 foils, the two parts must then be adequately joined to- 
gether for maintaining the structural integrity thereof. 
This may be accomplished by the conventionally known 
process of diffusion bonding, which is a solid state braz- 
ing or welding process which joins together the parts at 

20 the interface thereof. 

[0010] However, diffusion bonding requires precise 
mating surfaces without unacceptably large surface ir- 
regularities therebetween which would degrade diffu- 
sion bonding thereat. Correspondingly, machining of the 

25 mating surfaces requires precise tolerances which is dif- 
ficult and expensive to achieve, especially over a 3-D 
interface matching the twist of the airfoil. Accordingly, 
the cost of a diffusion bonded airfoil may approach the 
cost of manufacturing two conventionally cast single 

30 blades, and is therefore prohibitively expensive. 

[0011] Accordingly, an improved method of making 
hollow gas turbine engine vanes and blades is desired 
for further increasing the efficiency of operation of the 
engine. 

35 [0012] According to the invention, a method of making 
a hollow airfoil includes machining first and second parts 
to produce internal features thereof. The parts are then 
co-machined simultaneously at complementary joining 
surfaces. The parts are then bonded together at the co- 

40 machined joining surfaces. 

[0013] The invention will now be described in greater 
detail, by way of example, with reference to the draw- 
ings, in which:- 

[0014] Figure 1 is an isometric view of an exemplary 
45 gas turbine engine airfoil in the form of a turbine rotor 
blade shown in part cut-away to show internal cooling 
features therein. 

[0015] Figures 2-4 are a schematic representation of 
a method of making the airfoil illustrated in Figure 1 in 
so accordance with an exemplary embodiment of the 
present invention. 

[0016] Figure 5 is an elevational view of the co-ma- 
chining step illustrated in Figure 3 and taken generally 
along line 5-5. 

55 [0017] Figure 6 is a elevational view of the bonding 
step illustrated in Figure 4 and taken generally along line 

6-6. 

[0018] Illustrated in Figure 1 is an exemplary turbine 
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airfoil 10 of a gas turbine engine which may be manu- 
factured in accordance with the present invention. The 
airfoil is hollow for internal cooling thereof by cooling air, 
and is in the exemplary form of a high pressure turbine 
rotor blade, although it may also be configured as a sta- 
tor vane, or other suitable airfoil or strut in the engine. 
[0019] The airfoil includes internal cooling features 12 
which may take any conventional form including multi- 
pass serpentine cooling passages extending from the 
bottom to the top of the airfoil, with a bottom inlet for 
receiving the cooling air; and turbulators in various 
forms such as ribs or pins. 

[0020] The airfoil has an external configuration includ- 
ing features specifically configured for its use as either 
a turbine vane or blade. For example, the main body of 
the airfoil includes a generally convex suction side 14, 
and a generally concave pressure side 1 6 joined togeth- 
er at axially opposite leading and trailing edges which 
extend radially from the root to the tip thereof over which 
is channeled the hot combustion gases during opera- 
tion. A platform 18 defines the inner flowpath or gas 
boundary of the airfoil, and a dovetail 20 is disposed ra- 
dially therebelow for mounting the airfoil to a rotor disk 
of the engine. In a vane embodiment, the main body of 
the airfoil would be joined at the radially outer and inner 
ends thereof to arcuate outer and inner bands which de- 
fine the respective flowpath boundaries, without the 
need for a mounting dovetail. 

[0021] The airfoil may also include various cooling air 
holes 22 for discharging the cooling air from inside the 
airfoil into the combustion gas flowpath. The cooling 
holes 22 may be in the form of inclined film cooling holes 
through the suction and pressure sides 14,16; cooling 
holes through the airfoil tip; and cooling holes at the trail- 
ing edge of the airfoil. 

[0022] The airfoil 1 0 itself may have any conventional 
configuration as either a turbine rotor blade or turbine 
stator vane with the external features being determined 
by the particular design application. The internal cooling 
features 1 2 may also vary as desired for maximizing the 
cooling effectiveness of the air channeled through the 
airfoil as introduced at the bottom of the dovetail 20 and 
discharged through the various cooling holes 22. 
[0023] The efficiency of cooling the airfoil, and corre- 
spondingly the efficiency of the entire engine, may be 
improved by improving either the configuration or man- 
ufacturing accuracy of the various internal cooling fea- 
tures 12. Conventional casting technology is limited in 
the ability to accurately form the internal cooling fea- 
tures, and is limited in the configurations of those fea- 
tures. And, as indicated above, the use of impingement 
baffles inside an airfoil is limited by the ability to assem- 
ble such baffles through either the root or tip of the airfoil. 
[0024] Figures 2-4 illustrate schematically an im- 
proved method of making or forming the hollow airfoil 
10 of Figure 1 , in either rotor blade or stator vane form, 
in accordance with an exemplary embodiment of the 
present invention. The manufacturing process may be 



begun as shown in Figure 2 by initially casting a blank 
slab 24 in any conventional manner, and suitably grind- 
ing the outer surface thereof to rough tolerances. In the 
preferred embodiment, the slab is in block form with 
5 generally flat and normal sidewalls for easy and accu- 
rate fixturing as required in subsequent manufacturing 
steps. 

[0025] One or more of the slabs 24 is used for first 
machining a first part or half 26 to produce the corre- 

io spending internal cooling features 12 for the resulting 
airfoil 1 0 illustrated in Figure 1 , and for machining a sec- 
ond part or half 28 to produce the corresponding internal 
features 12 of the same airfoil. The internal features of 
the first and second parts 26,28 may be machined in 

is any conventional manner using a multi-axis machine 
tool 30 for example. 

[0026] In this way, the internal cooling features 12 of 
the resulting airfoil 10 are directly accessible at the be- 
ginning of the manufacturing process and may be pre- 
20 cisely machined into the slab 24 with considerable detail 
and accuracy. Each part forms a corresponding half or 
radial portion of the airfoil, and the internal cooling fea- 
tures 12 may be split therebetween as desired to include 
the multi-pass serpentine cooling passages, turbula- 
tors, and internal partitions or flow channels for exam- 
ple. 

[0027] In the preferred embodiments illustrated in Fig- 
ure 2, a single slab 24 is machined for sets of the internal 
cooling features 12 corresponding with a plurality of the 
first parts 26 in one slab, or a plurality of the second 
parts 28 in one slab, or both parts 26 and 28 in the same 
slab. The individual parts 26,28 may then be separated 
from the slab 24 and from each other by conventional 
cutting. 

[0028] In the preferred embodiment illustrated in Fig- 
ure 3, the two parts 26,28 correspond generally with the 
respective suction and pressure sides 14,16 of the air- 
foil, and the internal cooling features 1 2 thereof are sep- 
arated generally equally along the camber line between 
the leading and trailing edges of the airfoil. 
[0029] The two parts 26,28 are then suitably indexed 
or provided with reference datums for accurately align- 
ing together the corresponding internal cooling features 
1 2 of both parts so that they may be assembled together 
with the internal features cooperating to define the re- 
sulting internal flow passages of the airfoil. 
[0030] In accordance with another feature of the 
present invention, the two parts 26,28 are simultaneous- 
ly co-machined at complementary first and second join- 
ing surfaces 32,34 to provide a near exact or perfect fit 
for subsequent bonding. During the machining process 
of the two parts, the corresponding internal cooling fea- 
tures 12 thereof are machined to final and precise toler- 
ances, whereas the joining surfaces 32,34 may be ma- 
chined to a relatively rough tolerance providing several 
mils, for example, of additional material which may be 
removed by co-machining for a precise mating fit-up of 
the two parts. Although the two parts are separately in- 



30 



35 



40 



45 



50 



3 



.0990481 A1_l_> 



5 



EP 0 990 481 A1 



6 



itially produced or machined, they are simultaneously 
co-machined together in pairs for accurately and rela- 
tively inexpensively preparing the joining surfaces for 
subsequent bonding. 

[0031] Accordingly, once the joining surfaces 32,34 
are accurately co-machined, the two parts may then be 
bonded together at the joining surfaces as illustrated in 
Figure 4 to form an integral or unitary assembly of the 
two parts, with the corresponding internal cooling fea- 
tures 12 being suitably aligned with each other. The 
bonded together parts 26,28 may then be convention- 
ally machined, using the multi-axis machine tool 30 for 
example, to produce the desired external features there- 
of such as the suction and pressure sides 14,16; plat- 
form 18; and dovetail 20. And, the various cooling holes 
22 may also be formed or drilled into the airfoil 1 0 in any 
conventional manner once the external features are ma- 
chined to final tolerances. 

[0032] Of particular importance in the present inven- 
tion is the initial rough machining of the first and second 
parts 26,28 at the joining surfaces 32,34 prior to co-ma- 
chining thereof. The path of the joining surfaces 32,34 
may be selected as desired for bifurcating the airfoil in 
two parts, with certain features associated with the suc- 
tion side 14 being in one part and certain features as- 
sociated with the pressure side 16 being in the other 
part, with the features being complementary and collec- 
tively defining the respective airfoil, subject to final ex- 
ternal machining. 

[0033] As shown in Figure 3, the joining surfaces 
32,34 include portions surrounding the internal cooling 
features 12 from the bottom of the dovetail to the tip of 
the airfoil main body, and between the leading and trail- 
ing edges thereof. The joining surfaces may also include 
respective portions of some of the internal cooling fea- 
tures 12 as desired, including, for example, various par- 
titions bridging the suction and pressure sides to define 
the serpentine cooling passages. The joining surfaces 
also may include flow partitions along the trailing edge 
which channel the cooling air to the trailing edge holes 
of the airfoil. 

[0034] These various features of the two joining sur- 
faces are initially rough machined in height along the 
circumferential extent of the airfoil so that during co-ma- 
chining material is removed therefrom to precisely fit to- 
gether all of the complementary internal features of the 
parts for optimum bond formation thereat. 
[0035] As initially shown in Figure 3, the co-machining 
of the two parts may be effected using the convention- 
ally known processes of electrochemical machining 
(ECM) or electrical discharge machining (EDM) suitably 
modified for co-machining. In conventional ECM an 
electrode tool is specifically configured with a cutting 
face being the mirror image of the resulting surface de- 
sired in the part. Similarly, in EDM a separate electrode 
tool may either have a mirror image for machining the 
respective part, or may be moved as desired for sculpt- 
ing the required surface contour. In either case, a sep- 



arate tool is required for machining the corresponding 
part. 

[0036] In contrast, and in accordance with the present 
invention, each of the two parts 26,28 itself is the tool 

s for machining the other part without using a separate 
cutting tool specifically configured therefor. 
[0037] Figure 5 illustrates schematically exemplary 
embodiments of co-machining the two parts 26,28 in ac- 
cordance with a preferred embodiment. The two parts 

10 26,28 are electrically powered using a suitable high cur- 
rent power supply 36 to define an anode (+) and cathode 
(-), respectively. The two parts are suitably fixtured in 
corresponding carriages 38 for accurately positioning 
together the two parts to maintain a predetermined gap 

15 40 between the respective joining surfaces 32,34. A 
suitable liquid 42 is then channeled through the gap 40 
to simultaneously co-machine or remove material from 
the joining surfaces 32,34 for exact matching thereof. 
[0038] In Figure 5, the joining surfaces are initially 

20 shown in solid line with a suitable amount of excess ma- 
terial for being co-machined. As the first part 26 ma- 
chines the second part 28 at the joining surface 34, the 
second part simultaneously machines the first part at its 
joining surface 32 until sufficient material is removed 

25 from both surfaces as shown in dashed line for achiev- 
ing a precise fit-up with substantially exact mating sur- 
faces. Since the joining surfaces 32,34 may be relatively 
complex in contour to follow the three-dimensional con- 
figuration of the airfoil 10, which may twist from root to 

30 tip and have varying camber, the co-machining ensures 
a precise mating interface irrespective of the 3-D com- 
plexity of the parts and joining surfaces. 
[0039] For electrochemical co-machining of the parts 
26,28, the liquid 42 is a suitable electrolyte, and ECM 

35 may be preformed in a conventional ECM machine spe- 
cifically configured for fixturing the two parts 26,28 in- 
stead of each of those parts with an otherwise conven- 
tional ECM cutting electrode. 

[0040] Similarly, for electrical discharge co-machining 
40 of the two parts 26,28, the liquid 42 is a suitable dielec- 
tric, such deionized water, which flows through the gap 
40 for cooling the parts and removing debris, and EDM 
may be effected in a conventional EDM machine spe- 
cifically configured for fixturing the two parts instead of 
45 either one of the parts and a corresponding conventional 
EDM cutting electrode. Whereas ECM removes materi- 
al from both joining surfaces 32,34 by electrochemical 
action, EDM removes material therefrom by controlled 
sparking or arcing, with both processes resulting in a 
so smooth and substantially exact fit-up at the co-ma- 
chined joining surfaces 32,34. 

[0041] Whereas the rough machining of the joining 
surfaces 32,34 may have a relatively large tolerance on 
the order of a few mils to save machining time and cost, 
55 the co-machining of the joining surfaces can effect a pre- 
cise match of the surfaces on the order of a few tenths 
of a mil at reduced machining time and cost for ensuring 
an optimum diffusion bond. 
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[0042] After the two parts are co-machined, they may 
then be suitably fixtured for undergoing suitable bonding 
thereof such as diffusion bonding illustrated in more par- 
ticularity in Figure 6. Diffusion bonding is a convention- 
ally known solid state brazing or welding process con- 
ducted under moderate pressure and elevated temper- 
ature. The two parts 26,28 are suitably aligned together 
with the co-machined joining surfaces 32,34 being in 
contact with each other under a suitable external force 
F which maintains the interface in compression. Diffu- 
sion bonding is conducted at a suitable temperature to 
integrally bond the two parts together in a resulting uni- 
tary or one-piece assembly having corresponding ma- 
terial strength for withstanding the hostile environment 
of the gas turbine engine. 

[0043] A particular advantage of the present invention 
is that the initial slab 24 illustrated in Figure 2 is in block 
form, and the internal cooling features 12 are formed in 
a single side thereof. Accordingly, when the co-ma- 
chined parts are assembled as illustrated in Figure 6, 
the external surfaces are blank or devoid of typical airfoil 
features and provide flat surfaces which are easy to fix- 
ture and align not only for the diffusion bonding process, 
but also for the co-machining process and initial machin- 
ing ol the internal cooling features 12. 
[0044] Since the EDM co-machining process may 
create a thin recast layer atop the co-machined surfaces 
32,24, the diffusion bonding process may use a suitable 
interlayer including Boron which transitions through a 
liquid phase for dissolving the recast layer and improv- 
ing the resulting diffusion bond. 

[0045] As indicated above, after the two parts are dif- 
fusion bonded together as illustrated in Figure 4, the var- 
ious external features 1 4-20 may then be conventionally 
machined therein, and in one embodiment, define a gas 
turbine engine high pressure turbine rotor blade as illus- 
trated in Figures 1 and 4. In alternate embodiments, the 
two parts may be configured for forming a turbine stator 
vane And, in yet other embodiments, other components 
may be so formed for enjoying the various benefits of 
the present invention. 

[0046] These benefits include the ability to precisely 
form internal features in a hollow article by initially form- 
ing the article in two parts for machining the internal fea- 
tures, and then bonding together the two parts in an oth- 
erwise integral, one-piece assembly. Diffusion bonding 
results in the two parts being metallurgicalty bonded to- 
gether at the joining surfaces which are essentially sup- 
planted by the bond to maintain the strength of the base 
materials. The improved process substantially reduces 
the cost of manufacturing this type of two-part article. 
The improved process also allows internal cooling fea- 
tures not before possible in conventionally cast blades. 
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Claims 



prising: 

machining a first part to produce internal fea- 
tures of said article; 

machining a second part to produce internal 
features of said article; 

co-machining simultaneously said first and sec- 
ond parts at complementary joining surfaces; 
and 

bonding together said first and second parts at 
said joining surfaces. 

A method according to claim 1 further comprising 
machining said bonded first and second parts to 
produce external features of said article. 

A method according to claim 2 further comprising: 

casting a slab; and 

machining said internal features of one of said 
parts therein. 

A method according to claim 3 further comprising 
machining in said slab said internal features corre- 
sponding with a plurality of said parts. 

A method according to claim 4 further comprising 
separating said plurality of parts from said slab, and 
then co-machining said parts in pairs. 

A method according to claim 2 further comprising 
machining said first and second parts at said joining 
surfaces prior to co-machining thereof, and then co- 
machining said parts to match together said joining 
surfaces. 



7. A method according to claim 2 further comprising: 

electrically powering said first and second parts 
as anode and cathode, respectively; 

positioning together said first and second parts 
to maintain a gap between said joining surfac- 
es; and 

channeling a liquid through said gap to simul- 
taneously remove material from said joining 
surfaces for matching thereof. 

8. A method according to claim 7 wherein said liquid 
is an electrolyte, and said parts are electrochemi- 
cally co-machined. 



2. 



20 3. 



25 



4. 



30 



35 6. 



1. A method of making a hollow turbine article com- 



9. A method according to claim 7 wherein said liquid 
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42 is a dielectric, and said parts are co-machined 
by electrical discharge. 

10. A method according to claim 2 wherein said first and 
second parts are diffusion bonded at said joining s 
surfaces. 

11. A method according to claim 2 wherein said article 
is a gas turbine engine high pressure turbine rotor 
blade. 1C 
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